Abstract Principal component analysis is performed on Birkeland or field-aligned current (FAC) measurements from the Active Magnetosphere and Planetary Electrodynamics Response Experiment, to determine the response of dayside and nightside FACs to reversals in the orientation of the interplanetary magnetic field (IMF) and the occurrence of substorms. Dayside FACs respond promptly to changes in IMF B Y , but the nightside response is delayed by up to an hour and can take up to 4 hr to develop fully, especially during northward IMF. Nightside FAC asymmetries grow during substorm growth phase when the IMF has a significant B Y component, and also promptly at substorm onset. Our findings suggest that magnetotail twisting and/or B Y penetration into the magnetotail, due to subsolar reconnection with east-west orientated IMF, are the main cause of these nightside FAC asymmetries and that asymmetries also arise due to magnetotail reconnection of these twisted field lines.
Introduction
Field-aligned currents (FACs), also known as Birkeland currents, are a fundamental component of magnetosphere-ionosphere coupling, which in turn is driven to a large extent by solar wind-magnetosphere coupling. Since 2010, the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) (Anderson et al., 2008 (Anderson et al., , 2000 (Anderson et al., , 2002 Waters et al., 2001 ) has provided measurements of FACs in the Northern and Southern Hemispheres at 10-min cadence, using magnetometer observations from the Iridium constellation of 66 satellites. This has resulted in a renewed focus on FACs and their response to solar wind-magnetosphere coupling (e.g., Anderson et al., 2014; Clausen et al., 2012; Coxon et al., 2016 Coxon et al., , 2014a Coxon et al., , 2014b Murphy et al., 2013; Wilder et al., 2013) , as recently reviewed by Coxon et al. (2017) .
One approach to the analysis of FAC observations from AMPERE has been the application of principal component analysis (PCA), which provides a means of decomposing the polar patterns of FACs into their dominant modes of variation (Cousins et al., 2015; Milan et al., 2015 Milan et al., , 2017 . For instance, Cousins et al. (2015) and Milan et al. (2015) demonstrated that the region 1 and region 2 current systems (R1/R2) first identified by Potemra (1976a, 1978) are indeed the dominant component of the polar FACs and that the region 0 (R0) cusp current system (Iijima & Potemra, 1976b; is the second most important component. These studies also confirmed that the magnitude of the R1/R2 current patterns is controlled by the strength of the Dungey cycle flow in the magnetosphere (Dungey, 1961) , related to the sense of the IMF B Z component, whereas the polarity of the R0 currents reflects the dawn-dusk orientation of the IMF, that is, its B Y component . Milan et al. (2015) also identified a pattern consistent with NBZ (northward IMF B Z ) FACs, associated with lobe reconnection. These applications of PCA, while useful, treat the polar FAC pattern as a whole, whereas it is expected that the dayside and nightside current systems are to some extent decoupled in their behavior. This suggests that PCA should be applied to dayside and nightside FACs separately to investigate this decoupling, and this is the aim of the current paper.
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The expanding/contracting polar cap model Milan, 2015) implies that the magnetosphere is independently driven by magnetic reconnection occurring at the dayside magnetopause and in the magnetotail neutral sheet. The former is directly controlled by conditions in the solar wind and the latter by the conditions in the magnetotail and the occurrence of substorms (Milan et al., 2007) . In other words, periods of polar cap expansion (substorm growth phase) precede periods of polar cap contraction (substorm expansion phase), with a delay of up to an hour leading to significant variations in the open magnetic flux content of the magnetosphere and the latitude of the auroral zones. These expansion and contraction phases should be accompanied by enhanced FACs on the dayside followed by enhanced FACs on the nightside (Milan, 2013) , behavior that has been confirmed by Anderson et al. (2014) , Coxon et al. (2014b) , . Prompt responses of nightside convection and FACs to changes in dayside reconnection have also been reported, interpreted as the propagation time of pressure perturbations from the magnetopause to the neutral sheet through the lobes (e.g., Snekvik et al., 2017 , and references therein).
In addition, it is anticipated that the dayside and nightside responses to changes in solar wind conditions are also decoupled to some extent. Considering the example of sudden changes in the dawn-dusk orientation of the IMF, ionospheric convection in the dayside polar cap and the associated currents (e.g., Svalgaard, 1973) are expected to respond promptly as the magnetic tension forces on newly reconnected field lines change from being directed eastward to westward or vice versa (e.g., Cowley et al., 1991) . The nightside convection pattern and FACs are also expected to respond, but the causes of this response, and the time delay associated with this response, are still debated. As newly opened field lines connected to the IMF with one sense of B Y or the other are added to the lobes, three interconnected effects are thought to occur. The field lines are added to the duskside or dawnside of the lobes due to their motion under the influence of the flow of the solar wind and east-west tension forces, which (a) changes the magnetic pressure distribution in the lobes (e.g., Cowley, 1981; Milan et al., 2017; Tenfjord et al., 2017) and (b) leads to a penetration of the IMF B Y component into the lobes as these field lines sink toward the neutral sheet (e.g., Khurana et al., 1996) . Although the phrase B Y penetration is commonly used in the literature, induced B Y is a more correct terminology, and we will use that here. Under northward IMF, IMF B Z > 0, and ongoing lobe reconnection, the induced B Y is thought to be exacerbated by (c) a twisting of the magnetotail (e.g., Cowley, 1981) . The pressure distribution is thought to control east-west flow asymmetries in the nightside portion of the convection pattern on open field lines (e.g., Milan et al., 2017) , whereas the induced field is expected to create flow asymmetries on newly closed field lines, that is, as reconnection occurs in the neutral sheet. Lobe field lines reconnecting in the magnetotail with an induced B Y component should create closed magnetic field lines that are tilted out of meridian planes, which will subsequently straighten as they convect sunward, leading to asymmetrical flow patterns in the nightside portions of the northern and southern convection patterns; such flow asymmetries and associated auroral effects can be produced by tail reconnection occurring during periods of northward IMF (so-called TRINNI events; e.g., Fear & Milan, 2012; Grocott et al., 2003 Grocott et al., , 2004 Grocott et al., , 2005 Grocott et al., , 2008 Milan et al., 2005; Pitkänen et al., 2015) , or during southward IMF associated with substorms (e.g., Grocott et al., 2010; Østgaard et al., 2005; Reistad et al., 2016) .
The timescales of these responses and the regions of the magnetotail most affected are still unknown. Tenfjord et al. (2017) has asserted that B Y induction in the inner magnetosphere is caused by pressure balance changes and is produced promptly (within tens of minutes) on both dayside and nightside. Fear and Milan (2012) found that the local time of the formation of transpolar arcs, closely correlated with the sense of nightside flow asymmetries associated with TRINNIs (B Z > 0), is best correlated with the sense of IMF B Y if a time lag of 4 hr is applied; a similar subsequent study by Kullen et al. (2015) found a delay of 1-2 hr. Rong et al. (2015) showed that B Y induction in the magnetotail occurs on timescales of 1-2 hr, and Browett et al. (2017) went on to show that the timescale was 1-2 hr for IMF B Z < 0 and 3-4 hr for B Z > 0; these results suggest that the time delay is associated with the strength of Dungey cycle magnetic flux transport and the finite time taken for field lines to sink toward the neutral sheet. Pitkänen et al. (2016) presented a case study in which magnetotail twisting took place on timescales of 1-3 hr and that the delay was dependent on the distance downtail of the observations. Milan et al. (2010) and Reistad et al. (2016) suggested that asymmetries in the magnetotail develop over several hours but that B Y -associated asymmetric auroras and flow in the ionosphere also become apparent once magnetotail reconnection (substorm or TRINNI) commences, and the delay with which this occurs following a southward turning of the IMF is uncertain. In this scenario, the time taken for the B Y change to affect the nightside flow and FAC pattern is dependent on the propagation of the B Y induction from the magnetopause to the neutral sheet within the Dungey cycle convection (which could in principle take several substorm cycles) and the occurrence of magnetotail reconnection.
In this study we apply PCA independently to the dayside and nightside portions of the FAC distribution measured by AMPERE and determine the time delay of responses in the patterns to step changes in IMF orientation and the occurrence of substorms.
Methodology
We perform PCA on AMPERE observations of the Birkeland currents from the Northern and Southern Hemispheres for the period 2010 to 2016, to quantify the day/night and dawn/dusk asymmetries of the FACs as they respond to solar wind driving. We then perform superposed epoch analyses of these responses relative to sharp transitions in polarity of IMF B Y and B Z and the occurrence of substorms, to investigate the timescales of evolution of the system from one state to another. The methodology is described in the following sections.
PCA of FACs
The method of analysis is described in detail in Milan et al. (2015) . AMPERE current density maps are available at a cadence of 2 mins, but only maps produced at 10-min cadence are completely independent, and it is these maps that we include in our analysis. Prior to analysis, each AMPERE current density map is scaled to be a consistent size: a circle is fitted to the boundary between the R1 and R2 current rings, and the map is transformed such that the circle is centered on the geomagnetic pole and has a latitude of 70 ∘ geomagnetic latitude. The transformed data are sampled onto a grid that has 24 local time bins and forty 1 ∘ latitudinal bins (960 cells). The radius of the original fitted circle, Λ, measured in degrees of latitude, will be used below as a proxy for the size of the polar cap. Maps in which the current densities are so weak that the R1/R2 system cannot be reliably detected are discarded. In the period 2010 to 2016, 277,507 maps from the Northern Hemisphere could be processed (84% of the available maps); in the Southern Hemisphere this number was 237,105 (72%).
In the original analysis of Milan et al. (2015) , each such map was viewed as a vector, J, in 960 dimensions, R 960 , with the data set as a whole representing a distribution of points in R 960 . Applied to this data, PCA determines 960 orthogonal directions (principal axes) that most efficiently describe the variance in the set of vectors, sorted into descending order of importance. These basis vectors can be viewed as patterns on the original grid, which we term eigenFACs. Any of the original maps that contributed to the analysis can be reconstructed as a linear combination of these eigenFACs (see below). The most significant eigenFACs that resulted from the original analysis by Milan et al. (2015) can be seen in Figure 2 of that paper.
In the present study, rather than performing the analysis on the full 960-cell grid, we first separate each J into dayside and nightside portions, The six most significant eigenFACs from each PCA analysis are presented in Figure 1 . To the left, the dayside eigenFACs from the Northern and Southern Hemispheres are compared side-by-side, in descending order of significance down each column; to the right, the nightside eigenFACs are compared. Red and blue colors represent positive and negative values, respectively; these should not necessarily be interpreted as upward and downward currents, for reasons that will be explained below. The bottom panels present the percentage of the variance in the original dataset that is described by each eigenFAC. , the nightside R1/R2 system, except here r = 0.99. In fact, we find that r > 0.89 for all the eigenFAC pairs presented in Figure 1 , with the exception of the D 4 and D 5 pairs (these two pairs seem to be mixed together by the analysis, an indication that the patterns are very similar in significance). The correlation is greater on the nightside than the dayside. Indeed, examining the next six eigenFACs on the nightside (i = 7, … , 12, not shown), we find that although the value of r decreases with increasing i, similar features can be seen in each pair. That is, although the significance of eigenFACs decreases with increasing i, reproducible features exist in the eigenFACs determined independently from the Northern and Southern Hemispheres, to at least i = 12. This suggests that the patterns we have computed are robust modes of coherent variation in the terrestrial FAC systems. Due to the similarity between the NH and SH (Northern and Southern Hemispheres) eigenFACs, from this point onward we use the NH eigenFACs, henceforth D i and N i , to characterize both NH and SH observations. The eigenFACs that result from the PCA analysis are orthogonal, so any of the original FAC maps, for example, J D or J N , can be represented as a linear combination of the eigenFACs. For instance, the dayside or nightside portion of a J can be expanded as where M is the number of available eigenFACs, M = 440. The i s and i s are coefficients that can be determined from the overlap between J and each eigenFAC:
where in principle i and i can be positive or negative. As these coefficients can be positive or negative, positive and negative values in the eigenFACs do not necessarily represent upward and downward FACs: however, once the sum of eigenFACs is considered (i.e., equation (1)), as will be explored in Figure 2 , then positive and negative values represent upward and downward FACs, respectively, which we indicate by red and blue colors.
The rationale of PCA is that only the first few terms in equation (1) are significant, and a reasonable reconstruction of J can be achieved with a sum over m terms where m ≪ M; that is, the current density maps can be decomposed into a small number of coefficients or principal components. Indeed, approximately 70-75%
10.1029/2018JA025645 of the variance in the original data set is explained by the first six eigenFACs (bottom panels of Figure 1 ) and if the first 12 eigenFACs are included this rises to close to 90%. In the PCA of Milan et al. (2015) , close to 150 eigenFACs were needed to achieve this level of description, indicating that treating the dayside and nightside independently captures the behavior of the magnetosphere with greater fidelity.
EigenFACs D 1 and N 1 resemble the dayside and nightside portions of the R1/R2 FACs identified by Iijima and Potemra (1976a) , which suggests that we can use the coefficients 1 and 1 computed from a given J to quantify the overall FAC magnitude associated with Dungey cycle convection. We expect these to be modulated by changes in IMF B Z and the occurrence of substorms. Indeed, we expect that each coefficient quantifies a different aspect of the FAC response to magnetospheric behavior. Figure 2 illustrates the result of combining various eigenFACs, in a manner akin to equation (1). Panels a-c show the effect of adding D 2 to D 1 , which is to shift the local time at which the R1 currents reverse polarity from upward to downward (the R2 currents are unaffected) and introducing an R0 current in the dayside polar cap. This is consistent with the expected patterns associated with dawnward or duskward orientated IMF so 2 is expected to correlate with IMF B Y , as demonstrated by Milan et al. (2015) . Similarly, the combination of N 2 with N 1 (panels d-f ) changes the local time of the reversal of the polarity of both R1 and R2 currents on the nightside and, as we will show below, Finally, panels p-r show the effect of adding N 4 to N 1 , which will be discussed later. We note that none of the eigenFACs represent changes in the latitude of the current ovals, as this behavior has been removed by our preprocessing.
Superposed Epoch Analyses
From each 2-min AMPERE map J collected over the period 2010 to 2016, we compute the coefficients i and i , which quantify the contributions made by each eigenFAC to the overall FAC pattern. We then perform superposed epoch analyses of these coefficients relative to (a) sharp transitions in the polarity of IMF B Y and B Z and (b) the occurrence of substorms.
IMF components in Geocentric Solar Magnetic (GSM) coordinates were extracted from the 1-min OMNI database (King & Papitashvili, 2005) We employ the Newell and Gjerloev (2011) substorm onset list derived from SuperMAG observations, which contains 9,294 onsets during the period 2010 to 2016. In addition to using this full list, we identify substorms that occur during ongoing IMF B Y < 0 conditions and B Y > 0 conditions. The criteria we apply in each case is that |B Y | > 4 nT for 80% of the time in the 4 hr centered on substorm onset. Eight hundred seventy-eight substorms meet these criteria. (Figure 5 ), from t 0 − 2 to t 0 + 4 hours in each case. The standard error on the mean is represented by the gray region in each panel (in some cases this is no thicker than the black line).
Our results indicate that NH and SH responses are almost identical, so we aggregate observations from both hemispheres in these analyses. As discussed above, some eigenFACs represent current systems that are controlled by the dawn-dusk component of the IMF, such that their coefficients i and i are expected to be correlated with IMF B Y . In such cases, if the correlation is positive in the NH, it is negative in the SH and vice versa. In addition, the response is mirrored for (+∕−) and (−∕+)B Y transitions. In these cases we have combined NH and SH observations during both polarities of transition, by reversing the sign of the coefficients We first discuss the (+∕−) transitions. On average, B Z rises to 6 nT shortly before the transition and then averages −6 nT from t 0 + 10 to t 0 + 70 min after the transition, before gradually decreasing in magnitude over the following 4 hr. AU and AL show minor activity at the start of the analysis, 120 and −190 nT, reducing to ±100 nT as B Z becomes increasingly positive prior to t 0 . Following the southward turning, AU and AL increase in magnitude, AU rising to 160 nT and AL falling to −420 nT at t 0 + 120 min. These gradually decline in magnitude thereafter as the magnitude of B Z decreases. The AU/AL behavior is reflected in the substorm occurrence, which falls as B Z becomes increasingly positive and then ramps up until t 0 + 90 min, before falling again. The radius of the current ovals decreases slightly prior to t 0 when B Z is positive. Then, from t 0 + 10 to t 0 + 110 min, the radius increases, before gradually declining again. During this 100-min interval, the opening of flux at the dayside dominates the closure of flux on the nightside and the polar cap expands. As the polar cap expands, substorm onset becomes more likely, and after t 0 + 90-min nightside reconnection dominates such that the polar cap contracts on average.
Observations and Discussion
The dayside R1/R2 magnitude, 1 , falls gradually prior to t 0 and then begins to rise at t 0 + 10 min before plateauing at t 0 + 35 min. We interpret the 10-min delay between t 0 and the rise in 1 as the propagation delay from the arrival of the IMF at the bow shock and the communication of changes in dayside reconnection at the magnetopause to the ionosphere. It thereafter takes 25 min for the changes in convection to fully develop (cf. (Khan & Cowley, 1999) . The nightside FAC magnitude, 1 , also falls prior to t 0 and for the following 15 min, before rising over a period of 90 min before gradually diminishing; this variation closely mirrors the behavior of AL. The onset of the nightside response is almost as prompt as the dayside (the short delay is interpreted by Snekvik et al. (2017) as the time taken for pressure perturbations to propagate through the lobes) but takes the onset of substorm activity and associated nightside reconnection for the response to maximize. As indicted in Figures 2j-2l , 4 > 0 is indicative of NBZ FACs associated with reverse lobe cells, and this situation develops in the lead up to t 0 ; it then takes until t 0 + 30 min for this signature to reverse.
In the case of (−∕+) transitions, the occurrence of substorm onsets is roughly uniform as t 0 approaches but decreases dramatically following the northward turning: we see no evidence of substorm onsets triggered by the northward turnings, as has been proposed and refuted by previous workers (e.g., Wild et al., 2009 , and references therein). Substorm activity as measured by AU/AL increases slowly toward t 0 + 5 min, but thereafter decreases to reach a minimum by t 0 + 70 min. That is, although substorm onsets cease after the northward turning, residual substorm activity associated with substorms that commenced prior to the turning persists for up to an hour. The radius of the oval decreases over the period t 0 + 10 to t 0 + 100 min, associated with residual nightside reconnection associated with this ongoing substorm activity following the northward turning. However, 1 increases gradually while B Z > 0 prior to t 0 but decreases sharply between t 0 + 5 and t 0 + 60 min. While the onset of the dayside R1/R2 decrease is prompt, we interpret the length of time over which the decrease occurs as the continued influence of ongoing nightside reconnection on the dayside convection pattern. The nightside response does not begin until t 0 + 10 min, and 1 does not reach a minimum until t 0 + 120 min, which we again interpret as ongoing nightside reconnection. 4 is negative prior to the turning and does not become positive until t 0 + 45, maximizing at t 0 + 80 min: apparently, it takes some time for reverse lobe cells to fully develop following a northward turning, as previously noted by Grocott and Milan (2014) . Figure 4 presents a superposed epoch analysis of 9,294 substorm onsets: (a) B Z , (b) AU and AL, (c) radius of the current ovals, Λ, the (d) dayside, and (e) nightside R1/R2 current magnitude, 1 and 1 , respectively, and a number of other dayside and nightside coefficients. The behavior of B Z , AL, AU, and Λ are, as has been reported many times previously (e.g., Coxon et al., 2014b) , as follows: B Z becomes increasingly negative prior to t 0 and becomes less negative after; AL and AU increase in magnitude up to t 0 , AL shows the onset of a substorm bay at t 0 , and then activity gradually quietens; and the oval radius grows prior to t 0 and then decreases after t 0 + 15 min over the next 2 hr, as expected for substorm growth (polar cap expansion) and onset and recovery (polar cap contraction).
The dayside R1/R2 FACs ( 1 ) increase during the growth phase and then step up following substorm onset, maximizing at t 0 + 15 min, before gradually declining. The nightside R1/R2 FACs ( 1 ) show little variation during the growth phase but ramp up at onset, peaking at t 0 + 10 min, before declining to preonset levels by t 0 + 120 min. These variations suggest that the strength of dayside convection increases during the growth phase due to dayside reconnection, with an enhancement during the expansion phase due to nightside reconnection, which is consistent with the expanding/contracting polar cap model Milan, 2015) . On average, the substorm growth phase lasts 90 min, and the combined expansion and recovery phase lasts 120 min.
For completeness we also show the variations of other dayside and nightside FAC patterns. The dayside coefficient 4 (NBZ-like FACs) is negative throughout but is most negative at t 0 + 15 min, largely mirroring the variation in IMF B Z , with a slight delay, as described above. The other nightside coefficients shown, 3 to 6 , each show well-defined variations associated with substorm growth, onset, and recovery phase, with a variety of timescales of response before and after onset. This indicates that the corresponding FAC patterns are associated with substorm processes and that the overall nightside FAC pattern evolves as substorms develop. A detailed description of these variations is outside the scope of the present paper and is reserved for a follow-on study. is unclear, and we do not assign a timescale to the reversal. The magnitude and timescale of the 2 transition is similar to the B Z <0 case. The 2 transition begins later at t 0 + 60 min, and the reversal occurs near t 0 + 95 min; the magnitude of * 2 is less in this case, and the error on the mean is larger, suggesting that nightside FACs are weaker during northward IMF and changes related to B Y are less reproducible. Strong nightside east-west flows associated with B Y are known to occur during northward IMF (TRINNIs; Fear & Milan, 2012; Grocott et al., 2004 Grocott et al., , 2003 Grocott et al., , 2008 Grocott et al., , 2005 Milan et al., 2005) , but the nightside conductance is expected to be low at such times , so any associated FACs will be weak.
It is interesting that the variation of * 2 is as clear for B Z > 0 as B Z < 0. This indicates that although lobe reconnection is occurring in the former case, rather than subsolar magnetopause reconnection, the tension forces and associated R0 current produced by nonzero B Y are as significant, and changes in polarity occur as promptly as in the B Z < 0 case. The effect of D 4 on NBZ currents is illustrated in Figures 2m and 2n , which shows that it causes either the prenoon or postnoon NBZ FAC to enlarge depending on the sign of B Y . The B Y -associated changes on the nightside are significantly delayed with respect to the arrival of the transition in the IMF. The beginning of the response is later in the B Z > 0 case, 60 min rather than 40, and the reversal takes longer. These statistics are for the case where |B Z | > 3 nT. We have undertaken similar studies in which we stipulate that |B Z | must be larger, to more strongly differentiate between northward and southward IMF cases, though this leads to a reduction in the number of B Y transitions that match our selection criteria. However, it is clear from these studies that as the IMF becomes more strongly southward the nightside reversal occurs faster (closer to t 0 + 60 min) and for strongly northward IMF the reversal is even further delayed. These timescales are consistent with the findings of Fear and Milan (2012) , Rong et al. (2015) , and Browett et al. (2017) , which are thought to be associated with induction of B Y into the magnetotail lobes, with a delay associated with the strength of the convection cycle. We do not see a nightside timescale of a few tens of minutes, as reported by Tenfjord et al. (2017) in the inner magnetosphere, suggesting that the B Y asymmetries in the inner magnetosphere are not significant for magnetosphere-ionosphere coupling or do not immediately manifest themselves as changes in convection and FACs.
In to average to 0. That both 4 and * 4 respond positively following substorm onset suggests that N 4 is added to the FAC pattern during substorms but that its magnitude is dependent on the orientation of B Y during the growth phase of the substorm. Figures 2p-2r illustrate the effect of adding N 4 to N 1 , which is to progressively thin the R1/R2 currents in the premidnight sector, thicken the currents in the postmidnight sector, and cause an overlap of the upward and downward R1 currents at midnight, with downward current poleward of the upward current. The sense of this current overlap appears to agree with the B Y distortion of the postonset convection pattern reported by Grocott et al. (2010) (see their Figure 4d and compare the relatively east-west symmetrical pattern of flows out of the polar cap in the NH, B Y < 0 and SH, B Y > 0 cases, with the westward kink in the midnight sector flows out of the polar cap in the other cases). Our results show that this flow asymmetry grows promptly following substorm onset, maximizing by t 0 +20 min. This suggests that in addition to the progressive increase in induced B Y observed during the growth phase, asymmetries associated with B Y also appear at substorm onset, suggesting that these are produced by reconnection of the twisted field lines.
Conclusions
We have presented a PCA of Birkeland current measurements from the AMPERE experiment, focusing on changes in the currents associated with reversals of the orientation of the IMF in both the north-south and east-west directions, and on substorm onset. The main conclusions are as follows:
EigenFACs are computed independently for the dayside and nightside FACs. Approximately 90% of the variance in the original data set is captured in the first 12 eigenFACs on both the dayside and nightside. This is significantly higher than when the whole polar region is treated together , indicating that variations in the FACs on the dayside and nightside are decoupled. EigenFACs computed independently in the Northern and Southern Hemispheres are very similar, showing that these are robust estimates of the main modes of variability of the FACs.
In response to southward turnings of the IMF, the dayside R1/R2 FACs increase with a delay of 10 min, and maximize after 30 min. The nightside R1/R2 FACs take 90 min to maximize, consistent with the time taken for substorm expansion to follow the onset of the growth phase.
After northward turnings, dayside R1/R2 FACs decrease over a period of 60 min, the timescale for ongoing substorm activity to subside. The nightside R1/R2 FACs also decrease but over a period that suggests that residual magnetotail reconnection, associated with a reduction in the size of the polar cap, continues following the cessation of dayside subsolar reconnection. NBZ FACs appear to take between 45 and 90 min to fully develop following the northward turning.
Both dayside and nightside FACs respond to changes in the east-west component of the IMF. These changes begin promptly on the dayside but take up to 45 min to fully develop. The nightside response is delayed, by 40 min during southward IMF conditions and up to an hour during northward IMF. The change is not fully developed until 2 hr after the turning, the change being slower and weaker for periods of northward rather than southward IMF. R1/R2 FACs on the dayside increase in magnitude during substorm growth phase and then peak 10 min after substorm onset; the nightside R1/R2 FACs do not show a significant increase during growth phase but also peak 10 min after onset. Several nightside eigenFACs show prompt responses at onset, indicating that the nightside FACs evolve in a complicated and rapidly varying manner during the expansion and recovery phases. Substorms occurring during periods when the IMF has a significant east-west component have a nightside FAC asymmetry that increases throughout the growth phase, but plateaus at substorm onset. On the other hand, nightside FAC asymmetries develop promptly at onset and manifest themselves over a period of 10 min.
Our findings support previous reports that nightside and magnetotail phenomena respond to changes in B Y component of the IMF over a period of 2 hr during southward IMF and longer during northward IMF (e.g., Browett et al., 2017; Fear & Milan, 2012; Rong et al., 2015) . Our findings also suggest that substorms play a significant role in the development of nightside FAC asymmetries: asymmetry grows during the growth phase, but asymmetries also develop promptly at onset (e.g., Milan et al., 2010; Reistad et al., 2016) . These findings suggest that magnetotail twisting and/or IMF B Y induction grow with ongoing dayside reconnection when the IMF has a significant B Y component and that magnetotail reconnection of these field lines manifests asymmetries also. The timescale of the Dungey and substorm cycle, controlled by the north-south component of the IMF, modulates the development of the asymmetries. We do not find a nightside asymmetry with a timescale of tens of minutes following B Y reversals, as reported by Tenfjord et al. (2017) in the inner magnetosphere and conclude that B Y induction at geosynchronous orbit does not contribute significantly to magnetosphere-ionosphere coupling or that this effect is delayed until substorm onset.
